Background-Recently, magnetic resonance (MR)-conditional implantable cardioverter defibrillator (ICD) systems have become available. However, associated cardiac MR image (MRI) quality is unknown. The goal was to evaluate the image quality performance of various cardiac MR sequences in a multicenter trial of patients implanted with an MR-conditional ICD system. Methods and Results-The Evera-MRI trial enrolled 275 patients in 42 centers worldwide. There were 263 patients implanted with an Evera-MRI single-or dual-chamber ICD and randomized to controls (n=88) and MRI (n=175), 156 of whom underwent a protocol-required MRI (9-12 weeks post implant). Steady-state-free-precession (SSFP) and fast-gradient-echo (FGE) sequences were acquired in short-axis and horizontal long-axis orientations. Qualitative and quantitative assessment of image quality was performed by using a 7-point scale (grades 1-3: good quality, grades 6-7: nondiagnostic) and measuring ICD-and lead-related artifact size. Good to moderate image quality (grades 1-5) was obtained in 53% and 74% of SSFP and FGE acquisitions, respectively, covering the left ventricle, and in 69% and 84%, respectively, covering the right ventricle. Odds for better image quality were greater for right ventricle versus left ventricle (odds ratio, 1.8; 95% confidence interval, 1.5-2.2; P<0.0001) and greater for FGE versus SSFP (odds ratio, 3.5; 95% confidence interval, 2.5-4.8; P<0.0001). Compared with SSFP, ICD-related artifacts on FGE were smaller (141±65 versus 75±57 mm, respectively; P<0.0001). Lead artifacts were much smaller than ICD artifacts (P<0.0001). Conclusions-FGE yields good to moderate quality in 74% of left ventricle and 84% of right ventricle acquisitions and performs better than SSFP in patients with an MRI-conditional ICD system. In these patients, cardiac MRI can offer diagnostic information in most cases. Clinical Trial Registration-URL: http://www.clinicaltrials.gov. Unique identifier: NCT02117414.
C ardiac magnetic resonance imaging (MRI) is generally accepted as a valuable diagnostic tool to detect and monitor a large variety of cardiac diseases; it has both excellent tissue characterization capabilities and high image quality in most cases. In a large population of >9900 patients cardiac image quality was shown to be diagnostic in 98.2%. 1 Even in the presence of a pacemaker system, the diagnostic quality of cardiac MRI (CMR) of the left (LV) and right (RV) ventricles is preserved. 2 Thus, the high reliability and robustness of CMR is known for patients implanted with a pacemaker system. It is estimated that >60% of patients implanted with an ICD will require an MRI within 10 years post implant, 3 and recently an MR-conditional ICD system was shown to be safe and effective when scanned at 1.5 Tesla (T). 4 In comparison with pacemakers, the larger size of the ICD pulse generator Quality of Cardiac MR Imaging in ICD Patients and large defibrillation coil are expected to impact substantially on image quality. However, to our knowledge, no systematic prospective study evaluated to date the image quality generated by different pulse sequences in patients implanted with an MR-conditional ICD system. Therefore, this study was performed to assess the image quality obtainable with 2 types of pulse sequences, ie, with steady-state free precession (SSFP) and fast-gradient-echo (FGE) acquisitions, which are the most frequently used for CMR. For this purpose, image quality was graded, image artifacts caused by the ICD and its leads were measured, and the percentage of examinations with diagnostic quality was determined for SSFP and FGE acquisitions in the Evera-MRI trial.
Methods

Study Population
The Evera-MRI trial was a multicenter, international, randomized clinical study confirming the safety and efficacy of patients receiving a novel ICD system and subjected to an MRI examination. 4 The study enrolled 275 subjects in 42 centers worldwide, of which 263 were randomized to the MRI (n=175) or control group (n=88) at a 2:1 ratio after a successful implant. In the MRI group, 156 subjects underwent a predefined not clinically indicated MRI examination scheduled at 9 to 12 weeks post implant. Of them, 152 subjects had scan data collected for assessing cardiac image quality and therefore are included in this analysis.
The study protocol was approved by the ethics committee at each participating institution, and all subjects provided written informed consent before study participation. The Declaration of Helsinki was followed as well as laws and regulations of the participating countries. Trained center personnel collected the data, and its integrity was maintained by programmatic edit checks and source data verification by the sponsor.
Study Device
Consented patients received pectoral implantation of an Evera-MRI single-or dual-chamber ICD (MR-ICD; Medtronic) connected to commercially available defibrillator leads (model 6935M or 6947M) with/without a pacing lead (model 5076) that has been demonstrated safe for MRI. 5 The MR-ICD had specific design and material modifications to reduce interaction with the MRI environment as described elsewhere. 6 Briefly, ferromagnetic material was reduced, a hall sensor replaced the mechanical reed switch, filters to prevent gradient and radiofrequency energy coupling were added, and battery circuitry protection was built in. The Evera-MRI study protocol included testing of device functionality before and after the MRI examination, and no influence of the MRI examination on the device function was found. 4 
Cardiac MRI
The CMR scans were performed on a 1.5T scanner of any of the 4 most common manufacturers (Siemens, Germany; Philips, Netherlands; General Electric, USA; and Toshiba, Japan). The MRI protocol was primarily set up to test for safety of the MRI-conditional ICD system. To apply the predefined specific absorption rate to all patients, it was not allowed to repeat sequences or to use contrast media to optimize image quality. Of the 10 different MRI sequences applied, the 2 clinically relevant cardiac pulse sequences evaluated in this analysis were cine SSFP and cine FGE acquisitions (Table 1) . The SSFP sequence is nowadays the most commonly used sequence for cardiac functional analyses. It was used to test whether this sequence is robust enough to produce adequate quality in the presence of an ICD system. It was compared with FGE sequences that are known to be less susceptible to field inhomogeneities. Both sequences were ECG-triggered and were acquired in short-axis (SA) and horizontal long-axis (HLA) orientations during breath holding. Before each site's first patient examination, a validation of a test MRI scan was performed by an independent Scan Advisory Board to confirm standardization of the imaging parameters.
Qualitative and Quantitative Assessment
The CMR data were collected via CD during the 9-to 12-week postimplant visit and were sent to a core laboratory (German Red Cross Hospital, Neuwied, Germany, led by T.S.). The assessment of cardiac image quality was originally done by evaluating the SSFP and FGE sequences by an experienced CMR reader and was redone independently by a second reader. Acquisitions with correct slice orientations on both SA and HLA of at least 1 sequence type were graded for image quality applying qualitative and quantitative criteria. For qualitative assessment a 7-point grading scale was used (Table 2) , which took into account whether artifacts from the leads or the ICD impaired the ability to delineate the endocardial and epicardial borders and to assess ventricular function via the observation of systolic myocardial wall motion and thickening. The rating criteria were applied for both the SSFP and the FGE images and for both ventricles. Images with incorrect acquisition of standard cardiac planes, severe wrap-around artifacts obscuring parts of the LV or RV, or severe image blurring because of poor breath holding or poor ECG-triggering were not included in the analysis because these quality deficits are purely operator/patient dependent (and not ICD related) and would be fixed in clinical practice by repeating such acquisitions. Repeated acquisitions, however, were not allowed in the trial to ensure that all patients were exposed to the correct predefined specific absorption rate. For quantitative assessment of the size of ICD system-related artifacts, the maximum diameter of the artifacts, ie, the signal void, susceptibility artifacts, image distortion, and SSFP off-resonance banding artifacts of the ICD and the leads, was measured. The window and level were established for best visualization of the endocardial borders of the ventricles as typically done for reading and analysis of such CMR data and without changing these settings the maximum diameter of the artifact/signal void was measured (Figure 1 ).
Example Pulse Sequences in an ICD Phantom
An ICD (Evera-MRI XT DR SureScan connected to 6935M and 5076) was positioned in water at ≈5 cm from a heart phantom representing a SA view of the LV. Standard spin-echo, SSFP, FGE, compressed sensing accelerated SSFP and FGE, 7 3-dimensional (3D) self-navigating SSFP, 8 and a silent zero-echo-time sequence 9 were applied. All acquisitions were performed during breath-holding (duration 10-20 s/slice). Slice thickness was 8 to 10 mm for all acquisitions. Repetition time and echo time were set to minimum for all acquisitions. FGE indicates fast-gradient-echo; FOV, field-of-view; and SSFP, steady-state-free-precession.
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Statistical Analysis
For each subject, the images from 2 sequences (SSFP or FGE) in 2 orientations (SA or HLA) and of the 2 ventricles (LV or RV) were evaluated. An ordinal multinomial logistic regression model with generalized estimating equation method was used to analyze the image quality score (grades 1-7) as a correlated ordinal categorical variable, and the effects of sequence type and ventricle type and their interaction on the score were considered. The odds ratios of having a better image quality for different sequences and ventricles were reported using a forest plot. Additional analyses included (1) considering age, sex, and body mass index (BMI) in the abovementioned model and (2) re-classifying grades into good (grades 1-3), moderate (grades 4-5), and poor (grades 6-7; nondiagnostic) and analyzing this correlated ordinal categorical variable using an ordinal multinomial logistic regression model with generalized estimating equation.
For each subject, the presence and size of lead-or ICD-related artifacts were evaluated for the 2 orientations (SA and HLA) and the 2 sequences (SSFP and FGE). If no artifact was observed, its diameter was given as 0 mm. A general linear mixed model was used to evaluate the effects of artifact type (lead or ICD related), orientation, and pulse sequence and their interactions on the largest diameters of the artifacts. An additional analysis considered age, sex, and BMI using a linear mixed model.
The above-mentioned analyses were based on the assessment of the original reader. In addition, the agreement on image quality scores Grading of steady-state free precession and fast-gradient-echo short-axis and long-axis 4-chamber view images.
Figure 1.
Representative cardiac images from a study patient implanted with an Evera-Magnetic Resonance Imaging (MRI) implantable cardioverter defibrillator (ICD) system. Four-chamber horizontal long-axis (HLA) and short-axis (SA) acquisitions with the fast-gradient-echo (FGE) and steadystate-free-precession (SSFP) sequences. The FGE images were graded 1 for both ventricles, and the SSFP images were graded 3 and 2 for the left and right ventricle, respectively.
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between the original reader and the second reader was estimated using Fleiss κ statistics for each sequence by orientation by ventricle combination. 10 The method of Landis and Koch 11 was used to interpret the κ values.
All analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC). A P<0.05 was considered statistically significant.
Results
This study included 152 subjects from the MRI group whose image files for predefined MRI examination were collected (Figure 2 ). The mean age was 59.7±13.8 years, BMI was 28.9±5.9 kg/m 2 , 21.7% (33/152) were women, and 11.2% (17/152) of patients were paced during the MRI examination (in 4.0% the pacing status was not known). Of the 152 subjects, 130 had uncorrupted image files that could be assessed, ie, at least 1 pulse sequence type (SSFP or FGE) could be analyzed, and 105, 90, 104, and 77 subjects had assessable data at both SA and HLA orientations for the LV SSFP, LV FGE, RV SSFP, and RV FGE pulse sequence, respectively ( Figure 2 ). Table 3 presents the quality grading distribution in the study population with higher percentages of diagnostic quality for FGE versus SSFP. FGE yielded good quality in 34.4% and 50.6% for the LV and RV, respectively. If grade 4 or 5 is considered as acceptable quality (1-3 or 4-6 segments not evaluable, respectively), FGE yielded 58.9% and 74.4% successful studies for the LV, respectively, and 67.5% and 84.4% for the RV, respectively. The forest plot of Figure 3 shows higher odds of having a better image quality with the FGE sequence than with the SSFP, regardless of ventricle type (odds ratio, 3.48; 95% confidence interval, 2.52-4.80; P<0.0001); and the odds for better image quality was greater for RV versus LV, regardless of pulse sequence type (odds ratio, 1.78; 95% confidence interval, 1.46-2.16; P<0.0001). Furthermore, the performances of the pulse sequences were not related to the type of ventricle (no significant interaction between type of pulse sequence and type of ventricle, P=0.2752). Men were more likely to present a better image quality than women (odds ratio, 2.63; 95% confidence interval, 1.23-5.63; P=0.0147), while age and BMI did not correlate with image quality (P>0.05). Re-classifying the quality grades into good (grades 1-3), moderate (grades 4-5), and poor (grades 6-7; ie, nondiagnostic) led to similar results with a greater chance of obtaining better image quality with FGE versus SSFP (P<0.0001) and for RV versus LV (P<0.0001). Artifacts not related to the ICD system were not graded including those because of respiratory motion (incorrect breath-holding), ECG-mistriggering, incorrect field-of-view (causing wrap-around artifacts), or incorrect image plane orientations. These not graded artifacts are typically corrected in clinical MRI examinations by repeated acquisitions (eventually with individual modifications of scan parameters), which were not allowed in the study to achieve predefined specific absorption rate exposition in all patients. *Percentage calculated using n=152 as the denominator. FGE indicates fast-gradient-echo; HLA, horizontal long-axis; LV, left ventricle; and RV, right ventricle. As shown in Table 4 , for the 2 readers, substantial to almost perfect agreement (κ=0.6-0.8 and κ>0.8, respectively) was observed for almost all acquisition types. Only for 2 acquisitions (FGE of the LV and SSPF of the RV) at the moderate quality level, the agreement was moderate (κ=0.4-0.6).
Image Quality and Type of Pulse Sequences for the LV and RV
Size of Artifacts of the ICD and the Leads and Type of Pulse Sequences
Lead-and ICD-related artifacts were observed among most of the subjects, except for the FGE sequence in the HLA plane for which no ICD-related artifacts were present in 49.5% of patients ( Table 5 ).
The analysis of artifact size and type (ie, ICD related and lead related) based on a general linear mixed model showed significant interaction effects for artifact type with pulse sequence and for artifact type with slice orientation. Specifically, ICD-related artifacts on the FGE sequence were smaller than those on the SSFP sequence ( Figure 4A ; 75.0±56.7 versus 140.9±65.2 mm; P<0.0001). Also, ICDrelated artifacts on the HLA orientation were smaller than those on the SA orientation ( Figure 4B ; 78.8±69.6 versus 139.4±54.6 mm; P<0.0001). Lead-related artifacts were smaller than ICD-related artifacts irrespective of the pulse sequence type ( Figure 4A ; P<0.0001) or orientation of acquisition ( Figure 4B ; P<0.0001). The difference in the leadrelated artifact diameters between the FGE and the SSFP sequence was small from a clinical point of view, but it was statistically significant ( Figure 4A 
Examples of Pulse Sequences Not Used in the Clinical Trial
In the phantom example in Figure 5 , 2D-SSFP-based (Figure 5B ) and 3D-SSFP-based ( Figure 5D ) sequences show substantially larger artifacts than the FGE-based sequences ( Figure 5C and 5G) . A novel 3D-zero-echo-time sequence (Figure 5H ) sequence shows small ICD-related artifacts in comparison with the SSFP and FGE sequences used in the trial. In a 
Discussion
This study is the first evaluating in a large multicenter setting the diagnostic performance of SSFP-and FGE-based pulse sequences in patients implanted with an MR-conditional ICD system. It demonstrates that good to moderate image quality is obtainable with FGE in 74% of LV and 84% of RV acquisitions and it yields substantially higher image quality than SSFP acquisitions. Moreover, the ICD generator is the relevant system component that can potentially degrade image quality, and this is dependent on the pulse sequence type, while the leads are of minor importance with regard to artifacts.
Quality of CMR Images: Influence of Pulse Sequence Type and Orientation of Acquisition
In a single-center study, Sasaki et al 12 found diagnostic quality with SSFP in 85.5% of cases (by using the criterion of more than half of LV segments being distorted to define nondiagnostic image quality as in the current study), whereas the SSFP sequence in the present study yielded diagnostic quality in only 53% and 69% of the RV and LV, respectively. This considerably lower performance of the SSFP sequence in the current study may be, in part, because of the inclusion of 42 centers, whereas the study of Sasaki et al 12 included 56 scans in a single center. 12 Nevertheless, when using the SSFP cine sequence, the single-center study reported a mean artifact diameter for the ICD device on SA images of 16.0 cm, which is comparable with the size found in the current study of 16.7 cm (Table 5 ). In another small cohort of patients with metal implants of various origin, a better image quality of CMR was found for FGE acquisitions in comparison with SSFP. 13 These findings and the results of the current study are in agreement with the fact that the SSFP sequence is more susceptible to field inhomogeneities than the FGE sequence. Importantly, many pulse sequences used in clinical MRI practice for viability/scar imaging, 14 myocardial perfusion imaging, [15] [16] [17] [18] tagging, 19 and flow measurements 20 are using FGE-type readouts. Also, highly accelerated cardiac acquisitions based on novel compressed sensing strategies can use the FGE read-out scheme, 7 and thus are expected to work reliably in patients with this implanted ICD system as shown in the example in Figures 5 and 6 . Median, mm 8. Could not be analyzed* 12  16  27  22  12  15  23  19 Image file corrupted n=22 *Images with incorrect acquisition of standard cardiac planes, severe wrap-around artifacts obscuring parts of the left or right (RV) ventricles or severe image blurring caused by poor breath-holding or poor ECG-triggering were considered nonanalyzable. FGE indicates fast-gradient-echo; HLA, horizontal long-axis; ICD, implantable cardioverter defibrillator; SA, short-axis; and SSFP, steady-state-free-precession. 
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The diagnostic performance in the patients with an MR-conditional ICD system of 53% and 69% for the LV and RV, respectively, reported in this study is also considerably lower than that observed for an MR-conditional pacemaker evaluated in a multicenter trial and ranging from 95% of diagnostic studies for the LV to 98% for the RV. 2 This difference is most likely explained by the amount of ferromagnetic materials contained in the ICD. 6 It is noteworthy that no contrast media was applied (in order not to confound the safety analysis of the study). It might be recommended to improve the diagnostic performance of FGE by administering contrast media to increase the endocardial border delineation on FGE-based images, particularly for long-axis acquisitions.
Based on this large trial performed at 42 centers, the FGE is the pulse sequence of choice for patients with an implanted ICD system and the HLA acquisition yielded even higher quality than SA acquisitions.
Image Artifacts: Influence of ICD System Components
The study clearly identifies the ICD generator as the relevant component of the ICD system to cause imaging artifacts. The fact that the ICD is the limiting factor on artifacts also explains why image quality was higher for the RV than for the LV, as the ICD is located closer to the LV than the RV as shown in Figures 1 and 6 . Consequently, in ICD patients who have insufficient echocardiographic quality, it seems reasonable to undergo a CMR, especially, if RV pathologies are suspected. Although the leads are particularly important with regard to side effects such as heating, they are not contributing much to image artifacts, and thus, they are generally not compromising image quality. This is in agreement with a recent study on image quality of MR-conditional pacemakers, where a high diagnostic quality was documented. 2 The spectrum of artifacts observed in the current study can be divided into those related to patients' collaboration and anatomy (inadequate breath-holding, wrap-around artifacts, ECG-mistriggering) and those related to the device, ie, the ICD generator (susceptibility artifacts, signal voids, SSFPrelated off-resonance banding artifacts, and SSFP-related dark flow artifacts). It is highly desirable to develop and design new pulse sequences that are dedicated to image the heart in the presence of ICD systems, ie, with optimal robustness against field distortions. New pulse sequences are available to image with less artifacts near metallic implants. 21 However, these novel sequences are often spin-echo-based and as such they Figure 6 . Representative cardiac images from a patient implanted with an Evera-Magnetic Resonance Imaging system. Diastolic (A, D, and G) and systolic (B, E, and H) short-axis images with steady-state-free-precession (SSFP) and fast-gradient-echo (FGE) pulse sequences. Off-resonance artifacts are visible on the SSFP acquisitions, which are inexistent on the FGE acquisitions. The highly accelerated FGE version (cs-FGE, G and H, acquisition duration is 2 heart beats) shows good image quality. C and F, Arrows point to the pacer (PM) and defibrillator (Def) leads in the atrium (C) and in the right ventricle (F). Inversion-recovery FGE (IR-FGE) viability sequence demonstrates a transmural scar in the inferolateral wall of the left ventricle (I, arrows). This scar tissue is also detected by cs-FGE, which was acquired after contrast medium injection (H, arrows). are not time efficient and not well suited to provide functional information of the heart. As shown in the phantom example in Figure 5 , alternative types of pulse sequences that collect data during the free induction decay of the signal after excitation, the so-called ultrashort or zero-echo-time techniques show the potential for a robust acquisition in inhomogeneous magnetic fields. 22 They could present a novel approach to yield functional images of the heart in the presence of devices. 23 Also novel shimming procedures could reduce the occurrence of such device-related artifacts. Future research on novel dedicated pulse sequences and shimming procedures are needed and with the advent of MRI-conditional ICDs such approaches can now be tested in patients.
Limitations
This study should be interpreted in light of certain limitations. The higher robustness of the FGE sequence in comparison with SSFP comes at the cost of reduced signal-to-noise in the blood pool, and thus, discrimination of the blood-myocardium interface is typically lower than with SSFP-type pulse sequences. 24 Accordingly, administration of contrast media would be of value for the FGE sequence, 24 but was not tested. The performance of machines of different vendors was not evaluated as this was not within the scope of the study. Finally, image quality was an ancillary objective of the study, and therefore, it was not allowed to repeat acquisitions. As inadequately acquired series (because of imperfect breath-holding, wrap-around artifacts, or incorrect image plane) are often repeated in clinical routine CMR examinations, an underestimation of achievable diagnostic image quality in the studied ICD-implanted population cannot be excluded. Finally, the order of SSFP and FGE acquisitions was not randomized, and FGE acquisitions were acquired after the SSFP acquisitions by protocol. This fact might explain the trend for a higher drop-out rate for the FGE sequence because suboptimal patient collaborations occur more often toward the end of MRI examinations and related artifacts were an exclusion criterion.
Conclusions
FGE produces better quality and smaller ICD-related artifacts for CMR than SSFP in patients with an MRI-conditional ICD system. FGE yields good to moderate image quality in this multicenter setting in 74% of LV and 84% of RV acquisitions. In these patients implanted with ICD systems designed for the MR environment, CMR can offer diagnostic information in most cases.
